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Following the Development of a CD4 T Cell
Response In Vivo: From Activation
to Memory Formation
(Callan et al., 1998; Varga and Welsh, 1998), but there
is also increasing evidence that memory T cells are quali-
tatively different from naive T cells (Bruno et al., 1995;
Pihlgren et al., 1996; Tanchot et al., 1998; Bachmann et
al., 1999; Zimmermann et al., 1999). A long-standing
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United Kingdom debate on the requirement for antigen in the mainte-
nance of memory has been largely resolved, at least for²UniteÂ 429 Institut National
de la Recherche Medicale CD8 T cells, by the demonstration that CD8 memory T
cells can survive in the absence of antigen (Hou et al.,HoÃ pital Necker-Enfants Malades
75743 Paris 1994; Lau et al., 1994; MuÈ llbacher, 1994; Bruno et al.,
1995) and even in the absence of syngeneic MHC mole-France
cules (Tanchot et al., 1997) and are maintained by anti-
gen nonspecific stimuli (Sprent et al., 1997; Tanchot
and Rocha, 1998). In the case of CD4 memory T cells,Summary
opinions are still divided, with some reports showing
waning of memory upon transfer into antigen free envi-The in vivo differentiation of CD4 T cells from naive to
memory cells was followed after their adoptive trans- ronments (Gray and Matzinger, 1991; Gray et al., 1996)
and others showing long-term persistence in the ab-fer together with syngeneic dendritic cells into MHC
mismatched adoptive hosts lacking lymphocytes and sence of antigen (Swain, 1994).
In this report, we have undertaken a systematic studyNK cells. Functional and molecular changes were
measured as the antigenic stimulus, provided by the of the in vivo development of CD4 T cell responses from
naive T cells to memory cells, investigating functionalcotransferred dendritic cells, disappeared. Memory
cells as opposed to effector cells show an inversion and molecular parameters relating to changes in the
immune response as the antigenic stimulus disappears.in the relative expression of Bcl-2 family members in
favor of antiapoptotic molecules, and compared with In particular, we addressed the relative expression of
pro- and antiapoptotic molecules of the bcl-2 familynaive cells they have an increased ratio of bcl-xL to
bcl-2. They differ qualitatively from naive T cells, sug- during differentiation from naive into effector and mem-
ory T cells. We used an adoptive transfer system ingesting that accelerated CD4 memory responses can
occur without the need for increased frequencies of which DC transferred with the naive T cells provided an
efficient, but limited, antigenic stimulus, allowing ef-specific T cells.
fector cell differentiation. Clearance of dendritic cells
providing the antigenic stimulus resulted in differentia-Introduction
tion of long-lived memory cells. Comparing the restimu-
lation kinetics for memory and naive T cells on a perFollowing an encounter with foreign antigen presented
cell basis provided evidence that memory cells differby dendritic cells (DC), CD4 T cells proliferate and differ-
qualitatively from naive T cells. Thus, an acceleratedentiate into Th1 and/or Th2 effector cells and memory
CD4 memory response does not necessarily reflect ancells (Dutton et al., 1998). Most of the activated cells
increased frequency of specific T cells but could be duedie by apoptosis due to the withdrawal of survival factors
to the substantially shorter lag period for proliferationand cytokines as the antigenic stimulus disappears
and production of effector cytokines found in memory(Lenardo et al., 1999), but a fraction survive as memory
cells.cells (Akbar et al., 1993; Murali-Krishna et al., 1998) that
are thought to be capable of a more rapid response upon
reencounter of the same antigen. In contrast, repeated Results
contact with a persistent source of antigen leads to rapid
expansion followed by activation-induced cell death and Generation of Long-Lived CD4 T Cells Using
an Adoptive Transfer Modeldoes not favor the development of memory (Jones et
al., 1990; Webb et al., 1990; MacDonald et al., 1991; In order to follow CD4 T cells during an immune response
in vivo, we set up an adoptive transfer model leadingMoskophidis et al., 1993). The death of activated T cells,
followed by the generation of memory, is thought to to nonexhaustive activation of T cells. Naive CD4 T cells
from the T cell receptor transgenic (TCR Rag12/2) strainbe controlled by both IL-2 and antigen concentration
(reviewed in Lenardo et al., 1999), although this issue A18, recognizing the fifth component of complement
(C5) in the context of H-2Ek molecules (Zal et al., 1994),has never been addressed directly in vivo. The present
report addresses these points by following a cohort of were transferred into hosts deficient for the common
cytokine g chain and Rag (Rag2/2gc2/2) (DiSanto et al.,T cells in vivo from activation to memory formation.
Memory reflects an increase in the frequency of anti- 1995). These mice are C51, but since they express allo-
geneic H-2b MHC molecules, their APC are not capablegen-specific T cells that can persist for long time spans
of presenting C5 to the injected A18 CD4 T cells, and A18
T cells do not recognize any potentially cross-reactive³ To whom correspondence should be addressed (e-mail: b-stocki@
nimr.mrc.ac.uk). antigens in these hosts. On the other hand, the hosts
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were depleted of APC and then labeled with the tracker
dye CFSE (Lyons and Parish, 1994) before transfer. A18
T cells depleted of APC retained their naive phenotype
6 days after transfer into Rag2/2gc2/2 H-2b hosts, ex-
pressing low levels of CD44 and high levels of CFSE
(Figure 1C). This confirms that they were unable to rec-
ognize any antigen presented by H-2b APC in the adop-
tive host. In accordance with earlier reports (Takeda et
al., 1996; Brocker, 1997; Kirberg et al., 1997) demonstra-
ting that naive T cells need survival signals by syngeneic
MHC, we also observed that naive CD4 T cells trans-
ferred without syngeneic DC did not survive beyond 1±2
weeks after transfer. Partial depletion of endogenous
APC from the donor spleens led to upregulation of CD44
and reduction of CFSE label on a proportion of trans-
ferred CD4 T cells (Figure 1D). In contrast, cotransfer
with the same number of syngeneic DC caused upregu-
lation of CD44 and extensive proliferation, judged by
the complete disappearance of CFSE staining on all of
the cells 6 days after transfer (Figure 1E). Thus, the
degree of antigenic stimulation following transfer of A18
T cells from H-2Ek1 mice into the allogeneic Rag2/2gc2/2
host is dependent on and controlled by the number of
cotransferred H-2Ek expressing DC that are processing
and presenting C5 present in the circulation of the adop-
tive host.
Figure 1. Activation of Transferred T Cells Is Dependent on the Time Course of Activation and Differentiation
Number of Syngeneic APC in the Host
of CD4 T Cells
A18 splenocytes were injected i.v. into syngeneic Rag2/2 C51
A18 CD4 T cells that had been transferred together withH-2Ek1(A) or into allogeneic Rag2/2 gc2/2 C51 H-2b hosts (B) and
syngeneic DC were still detectable in blood (Figure 2A)the percentage of CD41 T cells in the blood of two individual mice
and spleen (Figure 2B) of the hosts 3 months after thewas determined by flow cytometry at different times after transfer.
In (C±E), 2 3 105 CFSE-labeled A18 T cells were transferred into transfer. We followed the in vivo activation and differen-
allogeneic Rag2/2 gc2/2 C51 H-2b hosts after complete depletion of tiation of the transferred CD4 cells by analyzing expres-
endogenous H2-Ek1 APC (C), after partial depletion of H2-Ek1 APC sion of activation markers, incorporation of Bromode-
(D), or together with 2 3 105 syngeneic H2-Ek1 DC from bone marrow soxyuridine (BrdU) as an indicator for proliferation, as
cultures with GM-CSF (E). Six days later, CFSE staining and CD44
well as the expression of IL-2 and the effector cytokineexpression on CD41 T cells from blood were analyzed.
g-interferon during the course of the immune response
in the adoptive hosts (Figure 2C). Early activation mark-
ers such as CD69, CD25, and Fas were upregulated on
are unable to reject the allogeneic transferred T cells, all T cells 2 days after transfer. CD44 upregulation and
since their genetic deficiency results in the absence of the downregulation of CD62-L occurred around day 4,
B, T, and NK cells. Thus, the activation of transferred at a time when the early activation markers had disap-
A18 CD4 T cells is predicted to depend on and be limited peared. BrdU incorporation indicated a peak of prolifer-
by the cotransfer of syngeneic APC. In contrast, transfer ation between day 4 and day 8, associated with a peak
of naive T cells into C51 syngeneic Rag2/2 mice should of IL-2 production. Thereafter, the number of cycling
provide unlimited antigenic stimulation due to constitu- CD4 cells progressively decreased until the cessation
tive processing and presentation of endogenous C5 by of BrdU incorporation by day 19, although at later stages
H-2Ek bearing dendritic cells (DC) and macrophages after transfer, a longer labeling period (12 days rather
(Stockinger and Hausmann, 1994). than 4 days) showed that some cells are slowly cycling.
To confirm this, we compared the fate of A18 T cells The T cells started to express IFNg as marker of effector
after their injection into either syngeneic Rag2/2 C51 differentiation around day 8, and although the number
(H-2Ek1) hosts (Figure 1A) or allogeneic Rag2/2gc2/2 C51 decreased thereafter, IFNg expression was maintained
(H-2b) hosts (Figure 1B). The transfer into syngeneic in the late stages in about 40% of the CD4 T cell popula-
Rag2/2 C51 host recipients led to rapid expansion fol- tion. It should be noted that antigen presentation by
lowed by exhaustion with complete disappearance of bone marrow culture-derived DC induces exclusively
the injected cells by day 23 after their transfer. A18 T Th1 differentiation of A18 T cells as previously shown,
cells transferred together with syngeneic DC into the and we never detected IL-4 (Stockinger et al., 1996). In
allogeneic C51 Rag2/2gc2/2 H-2b mice likewise showed contrast to IFNg, there was no intracellular store for IL-2
maximal expansion in the blood by day 7 after transfer, cells at day 41 and 51 after transfer, as indicated by their
but they were not eliminated thereafter. failure to secrete IL-2 following a 4 hr PDBu/ionomycin
In order to verify that the activation of A18 CD4 T cells pulse. This was confirmed by intracellular staining for
transferred into Rag2/2 gc2/2 C51 H-2b hosts depends IL-2, which likewise was undetectable in cells at late
stages after transfer (data not shown).on the presence of H2-Ek1 donor APC, A18 splenocytes
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Figure 2. Activation Kinetics of A18 CD4 T Cells in Adoptive Hosts
Equal numbers of A18 T cells and syngeneic DC (8 3 105 each) were i.v. injected into Rag2/2 gc2/2 C51 H-2b mice. The percentage of CD4 T
cells in blood of three individual mice (A) and in spleen ([B] each dot representing one mouse) was determined at the time points indicated
on the abscissa. ªNº represents the phenotype of naive A18 T cells. (C) Expression of activation markers, BrdU incorporation, and intracellular
expression of IFNg (each dot in each panel representing one mouse). Note that BrdU incorporation for mice injected on day 22 was for 2
days only, whereas for the other time points it was 4 days (12 days for mice transferred with cells 41±63 days before). For the activation
markers CD69, CD25, CD44, and Fas, mean fluorescence values (MFI) are shown, CD62-L downregulation is shown as percentage of CD62-
L-negative cells, and intracellular staining for IFNg given as percentage of total CD4.
Kinetics of Survival of DC and Generation cohort of naive T cells and assessing their activation.
An adoptive host that had received CD4 T cells and DCof Memory Cells
The formation of memory cells marks the end stage of 60 days before (memory Thy1.1) was injected with CFSE
labeled naive T cells extensively depleted of APC anda productive immune response resulting in clearance of
the antigen. In the adoptive transfer system, CD4 T cells expressing the Thy1.2 marker to allow distinction from
resident memory cells (naive Thy1.2). Twelve days aftercease to proliferate and secrete IL-2 around day 30
after transfer, suggesting their differentiation into resting transfer into Thy1.1 memory mice, naive Thy1.2 cells
still retained their naive phenotype, indicated by highmemory cells upon the loss of the antigenic stimulus,
dependent in our system on transferred syngeneic DC. expression of CFSE (Figure 3B) and absence of activa-
tion markers (data not shown); the resident Thy1.1 mem-The presence of H2-Ek1 DC in host spleen cells at differ-
ent time points after the transfer of A18 T cells was ory population had not incorporated BrdU. To verify that
the absence of activation was not due to anergy thatrevealed by their ability to stimulate an in vitro response
to peptide without further addition of exogeneous DC. might have been imposed on the injected naive T cells
by the memory cells, we reinjected H-2Ek1 DC and con-H-2Ek1 DC were clearly still present in the spleens of
adoptive hosts for the first 3 weeks after transfer, as tinued BrdU labeling. Four days later, Thy1.2 T cells
showed a decrease of their CFSE label and the residentindicated by IL-2 production from the CD4 T cells upon
addition of peptide alone. Beyond 19 days after transfer, Thy 1.1 memory population had incorporated BrdU, con-
firming that both populations could be activated in thethe CD4 T cells present in the spleen of the adoptive
host only secreted IL-2 if additional DC were added, presence of syngeneic H-2Ek1 DC in vivo.
These data show that the survival of transferred DC,thus confirming that the original transferred DC popula-
tion had disappeared (Figure 3A). RT-PCR analysis for and thus the concomitant activation of A18 T cells by
MHC/C5 peptide complexes in the Rag2/2 gc2/2 C51the presence of H2-Eak likewise established that H2-Ek-
expressing cells had disappeared beyond 20 days after H-2b hosts, was limited to a period of about 3 weeks
after their transfer. We conclude that beyond that time-transfer (data not shown).
The absence of syngeneic DC at a late stage after point the transferred A18 CD4 T cells have differentiated
into long-lived memory cells.transfer was furthermore confirmed by injecting a new
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Figure 3. Survival of Cotransferred DC
(A) A18 T cells (8 3 105) and the same number of syngeneic H2-Ek1DC were i.v. injected into Rag2/2 gc2/2 C51 H-2b mice at the time points
indicated above the figure bars. The adoptive hosts were then sacrificed on the same day, and splenocytes were assessed for the presence
of transferred A18 T cells and H2-Ek1 DC by their ability to respond to 1 mM C5 peptide in vitro. Dashed bars show IL-2 responses obtained
in the presence of added bone marrow culture-derived H2-Ek1 DC as a positive control for the presence of A18 T cells. Black bars show the
IL-2 response to peptide from spleen cells alone (without added bone marrow culture-derived DC) and thus indicate the presence or absence
of H2-Ek1 DC originally transferred with the A18 T cells. Control wells received splenocytes and DC but no peptide (white bars). The experiment
was performed three times with comparable results.
(B) One Rag2/2 gc2/2 C51 H-2b mouse injected with Thy1.1 A18 cells and H2-Ek1 DC 60 days before was reinjected with naive CFSE-labeled
Thy1.2 A18 splenocytes (1.5 3 106 T cells) depleted of H2-Ek1 APC and given BrdU in the drinking water. Twelve days later, blood was tested
for CFSE staining of Thy1.2 CD4 T cells and BrdU incorporation of the resident Thy1.1 memory cells (histograms on the left). The mouse was
then injected with 3 3 106 syngeneic H2-Ek1 DC, with continued BrdU in the drinking water. The histograms on the right show incorporation
of BrdU and CFSE, respectively, by the two T cell populations 4 days later, indicating that both memory and naive T cells had been activated
by reinjection of H2-Ek1 DC. This type of experiment was performed three times (memory mice from day 58±88 after transfer) with comparable
results.
Comparison of Reactivity of Naive versus Memory shown in Figure 2C. Two days after reactivation in vivo,
IFNg production further increased in memory cells, whileCD4 T Cells
One of the characteristics ascribed to memory cells is naive T cells still had not started production of this cyto-
kine by day 8. Thus, although memory CD4 T cells ex-accelerated responsiveness when reexposed to anti-
gen. We therefore compared the kinetics of activation press early activation markers with the same kinetics
as naive T cells, they proliferate and execute effectorof naive and memory cells by injecting equal numbers
of CD4 T cells from both populations (distinguishable function faster than their naive counterparts.
by Thy 1 allelic markers) together with syngeneic H-2Ek1
DC into Rag2/2 gc2/2 H-2b hosts and analyzed their re- Relative Expression of Bcl-2 Family Members
during an Immune Response In Vivosponses 2, 4, and 8 days after reactivation in vivo. The
mice received BrdU in their water continuously through- In a classical immune response, the initial phase of
expansion of T cells is followed by a second phase ofout the test period, and the CD4 Thy1.1 and Thy1.2
spleen subsets were stained for activation markers, cy- elimination of activated cells by apoptosis. Accordingly,
the transferred CD4 T cells exhibit a much higher sus-tokine expression, and BrdU incorporation (Figure 4).
The early activation markers CD69 and CD25 were ceptibility to apoptosis in the early stages of activation,
evident by increased proportion of cells stained withreexpressed on memory cells with the same rapid kinet-
ics as on naive cells. However, memory cells entered 7-AAD, whereas the susceptibility to apoptosis in mem-
ory T cells was similar to that of naive T cells (Figureinto cycle earlier than naive T cells with the peak of
proliferation on day 2 rather than day 4. The fact that 5A). Since the distinct phases of susceptibility to apo-
ptosis are likely to reflect different expression profiles forBrdU incorporation by memory cells dropped dramati-
cally beyond day 2 suggests rapid cell death following members of the Bcl-2 family with pro- or antiapoptotic
properties (Oltvai et al., 1993), we devised a methodreactivation. A proportion of memory T cells expresses
IFNg already before transfer (day 0 timepoint) as also allowing us to compare the ratio of expression of bcl-2,
Development of CD4 T Cell Memory In Vivo
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Figure 4. Differential Activation Kinetics of Naive and Memory Cells
Equal numbers (1 3 106) of Thy1.1 naive A18 T cells and Thy1.2
memory A18 T cells (day 60 after transfer into original Rag2/2gc2/2
C51 H-2b hosts) were cotransferred together with 2 3 106 syngeneic
H2-Ek1DC into fresh Rag2/2 gc2/2 C51 H-2b mice. The mice received
BrdU continuously in their drinking water. Analysis by flow cytometry
was done 2, 4, and 8 days after transfer. The day 0 time point reflects
the phenotype of memory and naive cells before transfer. The figure
shows CD69 and CD25 expression, BrdU incorporation, and INFg
production by both Thy1.2 memory CD4 T cells (filled dots) and
Thy1.1 naive CD4 T cells (open dots). The open squares represent
naive CD4 T cells from an A18 mouse. The experiment was done
Figure 5. Apoptosis and Relative Expression of Bcl-2 Familytwice with comparable results.
Members
(A) The ex vivo susceptibility to apoptosis of the CD4 cells wasbcl-xL, bax, and bad in different samples. RNA was iso-
measured as 7-AAD incorporation by nonpermeabilized cells andlated from positively selected CD41 cells at different
analyzed by flow cytometry. (B) A18 T cells and syngeneic H2-Ek1
time points after their transfer into Rag2/2 gc2/2 and DC were injected into Rag2/2 gc2/2 C51 H-2b mice (two mice per
reverse transcribed using primers specific for bcl-2, timepoint). RNA from positively selected CD4 splenic T cells was
bcl-xL, bax, and bad. The multi-PCR products were sub- reverse transcribed and message for bcl-2, bcl-xL, bax, and bad was
amplified, labeled, and analyzed as described in the Experimentaljected to one cycle of amplification (run off) using
Procedures. Each peak corresponds to a message with a definedfluorescent primers specific for each product in the
size and fluorescence surface intensity. The relative representationsame reaction and loaded on a polyacrylamide gel to-
of each message was deduced as percentage of the total surfacesgether with size markers. The immunoscope software
of the four peaks and the ratio between different messages calcu-
(Pannetier et al., 1993) allowed quantitation of the relative lated (C). Day 0 5 N represents naive A18 T cells.
fluorescent signals obtained for the different mRNAs.
Thus, we were able to compare the ratio of the individual
Discussionproducts detected in each sample with that of another
sample. This test showed that the ratio of anti/proapo-
The described adoptive transfer system into allogeneicptotic message decreases from day 2 to day 24 after
Rag2/2 gc2/2 mice that are NK and lymphocyte deficienttransfer when compared with the ratio obtained for naive
allowed us to study phenotypic, functional, and molecu-cells (4 versus 2.23 to 0.19) (Figures 5B and 5C). How-
lar changes associated with the course of an immuneever, at a late stage after transfer (day 63), the ratio for
response in vivo. The cotransfer of naive CD4 T cellsantiapoptotic message is increased again in these cells.
with syngeneic DC provided an effective, but limited,Interestingly, there is an inversion in the proportion of
antigenic stimulus, thus mimicking a physiological en-bcl-2 and bcl-xL message in naive versus memory cells.
counter with foreign antigen. Despite the fact that C5Naive cells show a high ratio of bcl-2 to bcl-xL, whereas
antigen was present in the adoptive host in unlimitingin memory cells expression of bcl-xL exceeds that of
amounts, its presentation depended on the presence ofbcl-2.
syngeneic DC and was limited by their survival. As such,Analysis of Bcl-2 protein expression (Figure 6) showed
this adoptive transfer system provided a unique oppor-that Bcl-2 is downregulated during the effector phase
tunity to study the evolution of a CD4 T cell response(day 10), whereas memory cells persisting after clear-
in vivo without the pitfalls of in vitro activation steps orance of antigen (day 89) show upregulation of Bcl-2
the need to inject antigen that is unlikely to activateprotein again. Given that the level of Bcl-2 protein ex-
every existing T cell and whose persistence is difficultpression (see MFI values) measured in memory cells is
to monitor.similar to that of naive T cells, we conclude that the
The in vivo kinetics of activation in the presence ofincreased ratio of bcl-xL to bcl-2 observed with the im-
syngeneic DC are consistent with those previously ob-munoscope test most likely reflects an actual increase
in the amount of Bcl-xLin memory cells. tained with either nontransgenic (Callan et al., 1998;
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to proapoptotic molecules increases again. This was
supported by FACS analysis for expression of Bcl-2
protein. Preceding the upregulation of Bcl-2 was the
disappearance of DC around 3±4 weeks after transfer.
The death of DC upon their maturation and antigen pre-
sentation to T cells in vivo is well documented (Ingulli
et al., 1997; De Schmedt et al., 1998) and in our system
resembles clearing of the antigenic stimulus. We can
therefore assume that the transformation into memory
Figure 6. Flow Cytometry Assessment cells takes place from about 3 weeks after transfer.
Equal numbers (4 3 105) of A18 T cells and syngeneic H2-Ek1DC The levels of Bcl-2 protein found in naive and memory
were injected into Rag2/2 gc2/2 C51 H-2b mice. Expression of Bcl-2 T cells are similar. However, memory cells show an in-
protein (shaded histograms) by CD4 T cells from adoptive hosts crease of bcl-xL over bcl-2 message, compared with(effector stage day 10 after transfer, memory stage day 89 after
naive T cells. The two molecules are also differentiallytransfer) and naive control mice was assessed by flow cytometry.
expressed during thymocyte maturation where Bcl-xL,Staining with an isotype matched control antibody is shown in the
but not Bcl-2, regulates the survival of double-positivefilled black histograms. Mean fluorescence values (MFI) and the
percentage of Bcl-2 expressing cells are indicated. thymocytes (Ma et al., 1995). Therefore, Bcl-2 and Bcl-xL
appear to differentially regulate cell death during central
and peripheral lymphocyte differentiation.Varga and Welsh, 1998) or transgenic T cells (Kearney
Whether memory CD4 T cells derive from effector Tet al., 1994; Zimmermann et al., 1999). A phase of expan-
cells, as recently proposed for CD8 T cells (Opfermansion was followed by a phase of elimination of activated
et al., 1999), or whether the generation of effector andcells, associated with increased susceptibility to apo-
memory T cells requires distinct signals (Farber, 1998)ptosis (Pilling et al., 1999). The relative sensitivity to
remains to be elucidated. Although we did not directlyapoptosis, revealed by the ex vivo incorporation of
address this, we can state that memory T cells were7AAD, was apparent beyond day 2 after transfer and
derived from activated T cells that had undergone atpersisted up to 4 weeks. The survival of T cells at differ-
least eight cell divisions, which is the limit of detectionent stages in their life cycle is subject to regulation
for the CFSE label (Lyons and Parish, 1994).involving signals through receptors on the cell surface,
Memory cells differ qualitatively from naive cells. Thissuch as the T cell receptor (Takeda et al., 1996; Brocker,
has previously been suggested for both CD8 and CD41997; Kirberg et al., 1997) or Fas (Nagata and Golstein,
memory cells, when compared with naive cells in their1995), and to downstream signals by members of the
in vitro reactivation kinetics, while the point was madeBcl-2 family (Chao and Korsmeyer, 1998). Thus, at a
that accelerated memory responses in vivo mainly re-given stage cells have an inherent sensitivity or resis-
flect an increase in the frequency of specific cells (Bach-tance to certain death stimuli. Two mechanisms are
mann et al., 1997). By transferring the same number ofthought to be involved in the elimination phase of an
memory and naive cells into adoptive hosts together
immune response. The first one, activation-induced cell
with syngeneic DC, we could compare the activation
death (AICD), depends on expression of Fas and Fas
kinetics on a per cell basis in vivo. Memory cells incorpo-
ligand as well as IL-2 production (Lenardo, 1996; Rafaeli
rated BrdU 2 days earlier than naive cells and expressed
et al., 1998) and is likely to occur in the early phases IFNg immediately rather than with a lag phase of 8±12
after expansion, when the antigen concentration is still days as in naive T cells in agreement with previously
high. This pathway is not inhibited by overexpression reported in vitro data on CD8 T cells (Bachmann et al.,
of the antiapoptotic factors Bcl-2 and Bcl-xL (Van Parijs 1997; Tanchot et al., 1998; Zimmermann et al., 1999).
et al., 1998). In accordance with this, the transferred This suggests that an accelerated response in vivo need
CD4 T cells express Fas between day 2 and day 4, at not necessarily only reflect the increased frequency of
a time when cotransferred DC, equalling antigen, are specific T cells.
not eliminated yet. At the same time, we found that the However, not all of the long-lived memory cells found
cells still expressed Bcl-2. The second mechanism is in our system express IFNg. This may reflect the exis-
passive, due to withdrawal of IL-2 when the antigenic tence of two types of memory T cells, one with rapidly
stimulus decreases. In contrast to AICD, passive death inducible effector function, the other comparable to their
can be prevented by overexpression of Bcl-2 and Bcl-xL naive counterpart (Ehl et al., 1997; Oehen and Brduscha-
(Petschner et al., 1998; Van Parijs et al., 1998). Consis- Riem, 1998). While it is unclear what factors could influ-
tent with these observations, the progressive disappear- ence the formation of different memory subpopulations,
ance of the antigenic stimulus (i.e., presence of DC) in we can at least state that neither persistence of antigen
our model is associated with loss of IL-2 production and nor the presence of syngeneic APC bearing H-2Ek ap-
a decrease in the ratio of anti- and proapoptotic bcl-2 pear to be necessary for the maintenance of CD4 mem-
family members, thought to be crucial to determine the ory T cells. This finding is in agreement with data on the
fate of a cell (Oltvai et al., 1993). Although an increase in persistence of CD8 memory T cells. H-2b MHC molecules
Bcl-2 levels has been reported to extend B cell memory cannot present C5 to A18 T cells, and thymocytes of
(Nunez et al., 1991), the relative expression of these H-2b A18 Rag2/2 mice develop to the double-positive
death regulators in memory T cells had not been studied stage but are not positively selected to either mature
before. Since our experimental system allowed us to CD4 or CD8 cells (unpublished data). This suggests that
follow a cohort of CD4 T cells over time, our data show H-2b is a neutral haplotype for this T cell receptor, but
it remains to be tested whether memory CD4 T cells canfor the first time that in memory cells the ratio of anti-
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or Thy1.2 mAbs (PharMingen) were used together with either FITC-persist in the total absence of MHC class II molecules.
conjugated or biotinylated anti-CD4 mAb (PharMingen). For CFSEA number of factors responsible for the maintenance
labeling, cells were resuspended in PBS at 107/ml and incubatedand slow cycling of CD8 memory cells have been defined
with CFSE (Molecular Probes) at a final concentration of 2 mM for
(Sprent et al., 1997; Tanchot and Rocha, 1998; Zhang 10 min at 378C, followed by two washes in PBS. For BrdU labeling
et al., 1998), but the cytokines or cell interactions in- of proliferating cells, mice received one i.p. injection with 1 mg BrdU
(Sigma) in PBS and were then given 0.8 mg/ml BrdU in the drinkingvolved in survival of CD4 memory cells that likewise are
water, which was changed every 2 days. For detection of BrdUcycling at a low rate remain to be elucidated. Potential
incorporation, cells were stained with PE-conjugated anti-CD4candidates are interactions with stromal cells that have
mAbs and fixed for 20 min in PBS, 1% paraformaldehyde at 48C,been shown to promote survival of human T cell blasts
followed by incubation for 4 min in 70% ethanol on ice. All subse-
by upregulation of Bcl-xL (Pilling et al., 1999). quent steps were performed as described previously (Barthlott et
Persistence of CD4 memory T cells in the absence of al., 1998). For detection of early apoptosis, single cell suspensions
were incubated with PE-conjugated anti-CD4 (PharMingen) and 20antigen appears to contradict earlier findings (Gray and
mg/ml of 7-AAD (Sigma) for 20 min at 48C as previously describedMatzinger, 1991; Gray et al., 1996). However, we would
(Lecoeur et al., 1997). For analysis of Bcl-2 expression, cells werelike to emphasize that while our results demonstrate
first stained with PE anti-CD4 mAbs, fixed in PBS and 1% parafor-that CD4 memory cells have the potential to be long
maldehyde, and then incubated with FITC-conjugated anti-Bcl-2
lived in the absence of antigen and compatible MHC, mAb or FITC-conjugated isotype control (PharMingen) in saponin
this does not address their performance in an immuno- buffer for 30 min on ice. Cells were analyzed by analytical flow
cytometry using a FACScan.logically complete system where they would face com-
petition for niches with other cells. Recent data have
Analysis of Cytokine Expression and Productionshown independent homeostatic regulation of CD8 na-
Splenocytes were cultured for 4 hr in the presence of 50 ng/ml PDBuive and memory cells (Tanchot and Rocha, 1995). It will
(Sigma) and 500 ng/ml Ionomycin (Sigma) with or without 10 mg/ml
be important to determine whether homeostasis of CD4 Brefeldin A (Sigma). Intracellular staining for IFNg was performed
T subsets is governed by the same rules, and experi- analogous to staining for Bcl-2 as described above. IL-2 production
by splenocytes was assessed after culture of 5 3 103/well CD4 Tments addressing the survival of our memory cells in
cells as described above, but in the absence of Brefeldin A, followedthe presence of a polyclonal repertoire are in progress.
by testing the IL-2 content in supernatant using the CTLL assay.However, it should be noted that despite the fact that
there is no competition in our system and therefore
Analysis of the Relative Expression of the Bcl-2
theoretically no shortage of niches, the transferred T Family Messages
cells do not simply fill the empty space but seem to Total RNA was extracted from 104 to 105 CD4 T cells (positively
selected by Dynabeads coupled with anti-CD4) from adoptivebe controlled in their expansion by endogenous factors
Rag2/2gc2/2 H-2b hosts using the TRIZOL reagent according to thesuch as the control of death regulators in relation to the
recommended procedure (Gibco-BRL, Life Technologies, Paisley,presence of the antigenic stimulus.
UK). Single-strand cDNA was synthesized and amplified using the
RNA PCR Core Kit (Perkin Elmer, Roche Molecular Systems) by 35
Experimental Procedures cycles of PCR (annealing temperature 648C) with a mixture of bcl-2,
bcl-xL, bax, and bad specific primers.Mice Sense: bcl-2, 59GAAAGCGCGTTGGCCCTTCGGAG39;
The A18 TCR (C52, H-2a) transgenic strains on a Rag12/2 back- bcl-xL, 59GTTTGGATGCGCGGAGGTG39;ground, expressing either the Thy1.1 or Thy1.2 allelic marker on T bax, 59AGACAGGGGCCTTTTTGCTACAG39; and
cells, nontransgenic Rag12/2 C51 (H-2k) mice, and Rag2/2gc2/2 C51 bad, 59ATGGAGGCGCAGGGGCTATGG39;
(H-2b) mice were bred at the animal facilities of the NIMR. Antisense: bcl-2, 59AATGAATCGGGAGTTGGGGTCTG39;
bcl-xL, 59GCCCCGCCAAAGGAGAAAAAG59;
Depletion of APC and In Vitro Functional Test for APC Survival bax, 59ACGCGGCCCCAGTTGAAGTTG39; and
Depletion of APC from naive A18 T cells was performed by magnetic bad, 59GCACGCACCGGAAGGGACTCAAG39.
cell sorting using biotinylated N418 (Metlay et al., 1990), NLDC145 Four ml of the multi-PCR products were then subjected to one
(Breel et al., 1987), F4/80 (Austyn and Gordon, 1981), anti-H2E 14.4.4 cycle of elongation (run off, annealing temperature 678C) with a
(ATCC HB32), and anti-FcR mAbs 2.4G2 (Unkeless, 1979), followed mixture of fluorescent Fam-labeled oligonucleotides specific for
by streptavidin-conjugated dynabeads (Dynal, Meyerside, UK). De- each of the 4 PCR products:
pleted cells or splenocytes from adoptive hosts were cultured in bcl-2, 59Fam-AGCGGCGGCGGCGGCAGATG39;
the presence of 1 mM of C5 peptide 106±121 for 48 hr in 96 round- bcl-xL, 59Fam-TGCGGTACCGGAGAGCGTTC39;
bottom well plates in Iscove's modified Dulbecco medium (IMDM) bax, 59Fam-CCGGCGAATTGGAGATGAACTGG39; and
(5% FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml strepto- bad, 59Fam-GGGCGACGGGAGCGGGTAGAG39.
mycin, and 5 3 1025M 2-ME) (all from Sigma Chemicals). As control, Analysis of the run off products was performed using the Applied
1 3 104/well DC, generated from bone marrow cultures with GM- Biosystem 377 DNA sequencer. Dye-labeled size standards were
CSF as previously described (Volkmann et al., 1997), were added included in the electrophoresis for precise size determination of the
with peptide. Forty-eight hours later, 50 ml aliquots of supernatant run off products. With the Immunoscope software (Pannetier et al.,
were transferred to fresh 96 flat-bottom well plates together with 1993), the fluorescence intensity obtained for run off products is
5000/well IL-2-dependent CTLL cells. Incorporation of [3H] thymi- calculated and expressed in arbitrary units, so that the relative repre-
dine by CTLL (present for the last 9 hr of culture) was measured 24 sentation (in %) of each run off product within a sample can be
hr later. Spleen cells depleted of APC and adjusted for the number expressed.
of CD41 cells (as indicated in the legends) were injected i.v. in
adoptive transfer experiments. Acknowledgments
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